Introduction
Magnetic resonance imaging (MRI) is a non-invasive medical imaging tool that helps physicians diagnose and treat medical conditions. It offers excellent visualization of softtissue in any imaging plane without using of iodinated contrast agent or ionizing radiation. In addition to anatomical morphology, MRI can also provide functional information. With novel fast imaging technologies, MRI became an imaging tool for guiding and monitoring various interventions and biopsy procedures on various organs including the brain, breast, prostate, liver and spine (Jolesz, 1998 , Melzer & Seibel, 1999 . High performance magnetic field gradients, multi-channel receivers, and advanced reconstruction systems improve the clinical applicability of real time MRI procedures (Nayak et al., 2004 , Bock et al., 2004 , Guttman et al., 2003 , Lederman, 2005 . Modern scanners designed for the interventional environment can provide real-time images of acceptable quality in excess of 10 frames per second. As a result, real-time MRI (rtMRI) is becoming an attractive method for many minimally invasive cardiac interventions (Kuehne et al., 2003 , Raval et al., 2006 , Henk et al., 2005 , McVeigh et al., 2006 , Horvath et al., 2007 . However the confined physical space of MRI scanner challenges medical intervention, even the magnets with open architecture provide only a limited working space, at the expense of image quality. The use of robots inside the MRI scanner is a very attractive solution: a robot manipulates the intervention instruments while MR images continuously give feedback of the position of the instruments which are controlled by the robot. MR compatible robotic systems have been researched and developed for prostate biopsy and brachytherapy (Chinzei et al., 2000 , Krieger et al., 2005 , Fischer et al., 2006 , Stoianovici et al., 2007a , breast intervention (Kaiser et al., 2000 , Larson et al., 2004 , interventional spinal procedure (Hempel et al., 2003) , neurosurgery (Masamune et al., 1995 , Koseki et al., 2002 , interventional liver therapy (Hata et al., 2005 , Kim et al., 2002 , and cardiac intervention (Li et al., 2008) . Design of a system operating inside or close to the bore of a high field MRI scanner is of significant complexity. Due to the strong magnetic field of the MRI, standard materials, sensors and actuators cannot be employed. Due to the confined space of MRI bore, the mechanical design should be compact and simultaneously functional. In this chapter, we 22 www.intechopen.com
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discuss MRI robots for medical interventions, including the MR compatibility, mechanical design and control method. As an example, we present our work on the development of a robotic valve delivery module for transapical aortic valve replacement under real-time MRI guidance. Furthermore, we present our work on an MR compatible hands-on cooperative control of a pneumatically actuated robot.
MR compatibility
Three basic features for high quality MRI are high and homogenous magnetic fields, fastswitching magnetic field gradients and radiofrequency (RF) pulses. These extreme environmental conditions require adequate construction materials, actuation assemblies, sensors, and proper shielding of electronics. For example, in strong magnetic fields, ferromagnetic materials can be dangerous projectiles. Also, the homogeneity of the main magnetic field is strongly affected by ferromagnetic materials inside the MRI scanner, resulting in substantial distortion of images. Fast changing gradient magnetic fields can induce electrical fields and eddy-currents inside conductive materials. These eddy-currents can heat conductive materials and distort the homogeneity of the main magnetic field and thus severely affect the quality of MR images. RF pulses can heat conductive elements, such as wires or interventional devices. Devices containing closed metallic loops should be avoided in the MR environment. MRI is also very sensitive to electromagnetic noise. Electronic equipment and wires needed for the operation of mechatronic devices placed inside the MRI scanner room can generate electromagnetic noise if these are not properly shielded. MRI compatibility of robots has different levels: 1) MR safety, no risk to the patient or medical personnel; 2) image quality not affected by the introduction and operation of the robot; and 3) the operation of the robot not affected by the magnetic fields (Schenck, 1998 , Schenck, 2000 , Chinzei, 1999 . We present MR compatibility of different materials, actuators and sensors and discuss the level of the compatibility of each of these in this section.
Materials
Based on their reaction in a magnetic field, the materials can be characterized in to three categories: ferromagnetic, paramagnetic and diamagnetic materials. Ferromagnetic materials, such as iron, magnetic stainless steel, cobalt and nickel, exhibit a strong attraction to a magnetic field. These materials are not MR safe. They could be a dangerous projectile to patients, physicians, and the MRI scanner when they are close to the scanner. Moreover, ferromagnetic materials create positive susceptibility to an external magnetic field. The homogeneity of an MR static field will be disturbed by the presence of ferromagnetic materials; therefore the image will be distorted. Yet, the ferromagnetic materials, such as magnetic stainless steel, have desirable mechanical properties. Paramagnetic materials, such as aluminium, platinum and austenitic stainless steels, become slightly magnetized when exposed to a magnetic field. Paramagnetic metals have a small and positive susceptibility to magnetic fields; hence they require some compromise when they are used inside an MRI scanner and close to imaging areas. Diamagnetic metals have a very weak and negative susceptibility to magnetic fields. Copper, silver, and gold are diamagnetic. They are MR safe, and will not affect the homogeneity of a static magnetic field when they are placed close to an MRI scanner. They have very limited or negligible image artifacts even they are located close to imaging areas. Another effect of MR compatibility is the generation of the eddy-currents inside conductive materials due to fast-switching gradient magnetic fields. These eddy-currents may alter the local homogeneity of the main magnetic field and affect the quality and linearity of MR images, causing image artifacts. Moreover, eddy-currents may also cause unwanted heating of the materials. Materials suitable for MR-compatible devices in level 3 are nonmagnetic and nonconductive. Plastics, ceramics and composite material have been used in the development of MR-compatible systems. But plastics are often too soft and present limited structural stiffness, whereas, ceramics are too hard, brittle and could lead to manufacturing difficulties or part failures. Bearings, ball screws and gears made of non-ferromagnetic metals, such as aluminium, copper, brass, titanium, and tantalum are often used in MR compatible systems. These metal parts do not present substantial problems or image artifacts as long as they are of small size and appropriately positioned relative to the imaging areas.
In conclusion, MR-compatible materials can be characterized into three categories depending on their magnetic compatibility when they are placed inside an MRI scanner: 1) materials that produce no image distortion: nylon, vespel, PEEK (poly-ether-etherketone), polysulfone, zirconia, plexiglass. Polyimide (from class of vespel materials) for example, presents outstanding structural strength, good chemical resistance, very low electrical and thermal conductivity, low friction and have no detectable MR artifacts.
2) materials that produce low level of image distortion, but for many applications are acceptable: brass, zinc, lead.
3) materials that produce noticeable image distortion, but for some application are still acceptable: titanium, tantalum, tungsten, zirconium, molybdenum, aluminium. The MR compatibility of certain types of materials and devices have been reported in (Chinzei et al., 1999 , Schenck, 2000 . In order to be suitable for medical devices or medical robotics, these materials also should be biocompatible, sterilizable and economical.
Actuators
Electromagnetic motors are commonly used to actuate conventional robotic system, yet they are not safe and compatible in an MRI environment. The principle of electromagnetic motor operation is that a mechanical force is produced by the interaction of an electric current and a magnetic field. Electromagnetic motors usually are equipped with magnets to maintain a magnetic field. When such an electromagnetic motor is placed close to MRI bore, it will obviously disturb the homogeneity of the MR static field. On the other hand, the static magnetic field and the fast-switching gradient magnetic field will also affect the operation of the motor. Ultrasonic or piezoelectric motors are used in various MRI compatible robotic systems (Masamune et al., 1995 , Chinzei et al., 2000 , Kaiser et al., 2000 , Koseki et al., 2002 , Elhawary et al., 2007 . These motors are driven by the ultrasonic vibration of a piezoelectric transducer when high-frequency voltage is applied; therefore theoretically they do not produce magnetic fields and are immune to the magnetic field. According to (Chinzei et al., 1999 and Fischer et al., 2008a) , some commercially available ultrasonic motors are prone to cause image artifacts and significant signal-to-noise ratio (SNR) loss. The advantages of ultrasonic www.intechopen.com
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motors include compact shape, small size, bidirectional and high torque output. The high breaking torque allows the robot to maintain its position even when it is not be powered. But these motors are not back-drivable, mechanical clutches need to be implemented to manually move the robot without detaching the mechanical part and the motor in the case of a medical emergency. For interventions which require simultaneous use of the imager and the robot, the ultrasonic motors should be placed outside of the MRI scanner. A motion transmission system, such as shafts, belts/chains, cables and linkages, is required to transfer the motion from the ultrasonic motor to the area of interest. Remote actuation can present additional limitations such as, backlash, friction and joint flexibility. Hydraulic actuators use pressurized hydraulic fluid, such as oil or saline in medical environments (Kim et al., 2002) . A hydraulic actuator includes a hydraulic cylinder, a piston with sliding rings and seals, valves, and a supply pressure. Hydraulic actuators can transfer large forces, but the leakage of fluid is an issue in a medical environment. Air bubbles in the fluid could create control problems. Hydraulic actuators are recommended for applications that require high position accuracy, or slow and smooth movements. Pneumatic actuators have similar construction to hydraulic actuators. Howerver, they use compressed air instead of liquid. Without the threat of the liquid leakage, they are cleaner and are more desirable for a medical environment. Pneumatic actuators can be operated at higher speeds than hydraulic actuators, but due to compressibility of air, they usually provide limited stiffness. Pneumatic actuators are suitable for relatively low-force applications, such as actuating a robot in soft-tissue intervention. Both hydraulic and pneumatic cylinders made of non-magnetic material can be safely placed close to the imaging areas and will not cause image artifacts. The control valve and control unit should be placed outside of MRI room, or at least outside of the 5 Gauss line. Pneumatic actuators recently have been used in MRI compatible robotic systems for realtime imaging guided intervention (Hempel et al., 2003 , Fischer et al., 2008b , Li et al., 2008 . Because of the inter-relationship between temperature, pressure and volume of air, the dynamic control of the pneumatic actuator is challenging. A new concept of pneumatic actuator-PneuStep was presented by Stoianovici and colleagues (Stoianovici et al., 2007b) .
PneuStep uses a stepper motor principle to achieve precise motion on the order of 0.050mm.
Sensors
Position and/or force sensors are used to provide feedback for close-loop control of medical robotic devices to provide a safe and accurate operation. Sometimes redundant sensors are used to guarantee the safety in medical intervention systems. Optical signals do not interfere with magnetic field. Optical sensors have been developed and used for sensing position (Fischer et al., 2008b , Hempel et al., 2003 , Hata et al., 2008 and force (Harja et al., 2007 , Takahashi et al., 2003 in an MRI environment. A commercially available optical encoder from US digital (Vancouver, Washington, USA) uses transmissive strips for positioning the motion. The reading heads have small electronics to convert the optical signal into an electronic signal. The optical encoder functions well and does not cause image artifacts even if it is placed 5cm from the imaging areas (Fischer et al., 2006) . Innomedic (Herxheim, Germany) has developed both rotary and linear optical encoders. These magneto-translucent fiber-optical incremental encoders are made of glass. Optical fibers transfer the signals to optoelectronic conversion circuits remotely located. These encoders do not cause image artifacts even if they are placed at the isocenter of the magnet. Another type of important optical sensor is for measuring force in an MRI environment. These optical sensors (Harja et al., 2007 , Takahashi et al., 2003 , Tada & Kanade, 2005 are used in MRI-compatible robots developed as haptic devices for neuroscience and diagnostics. But they use some electronics which may not function during imaging. Our group modified a commercially available "3D SpaceNavigator" (3dconnexion, Fremont, CA) to create a 6 degrees-of-freedom (DoF) user input sensor which can be placed close to an MRI bore (Kapoor et al., 2009) . A "3D SpaceNavigator" optical signal is converted to an electronic signal via a signal PC board, which connects to a USB interface board. After carefully rewiring and shielding, this ergonomic force sensor functions well when it is brought up to 50cm of the bore. Figure 1 shows the percentage difference between images under different conditions with the baseline image. Force sensing can also be achieved by using hydraulics/pneumatics (Liu et al., 2000 , Yu et al., 2007 . In their work, Gassert and colleagues (Gassert et al., 2006) presented an MR compatible 1-DoF force sensor based on transmission of hydrostatic force and motion which is located outside the MRI room, where traditional electronics can then be used. Due to friction losses and compressibility, there is a significant dead zone in the force sensed output. However, the advantage of using their technique is that it allows use of the device during imaging.
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Mechanical Designs
Scanners with open configuration present a major advantage regarding the accessibility to the target area. Double-donut MRI scanner offers a 50cm vertical gap between two facing superconductive magnets. This gap can accommodate a physician and interventional robots.
Another type of open scanner with vertical arrangement of magnet poles at 40-45cm distance, also offers good accessibility to the patient. Open-configuration MRI systems with low magnetic fields, in the range of 0.02-0.7 Tesla, result in a lower available signal and slower speeds of image acquisition. The most popular MRI scanners at this time are based on a single superconductive magnet with a horizontal bore. This type of scanner offers better quality imaging with real-time acquisition speeds. The major drawback of these scanners for interventions is the limited space inside the bore, which typically is 60cm in diameter and 200cm in length. A new generation of scanners (Siemens Espree) with short bore (120cm) and increased diameter (70cm) make intervention access and interventional robot assistance within the magnet quite feasible. MRI scanner configuration, the target organ, and the intervention procedure greatly impact the mechanical designs of MRI robots. MRI compatible robots for percutaneous biopsy, drug injection or radiotherapy seed implantation are currently an active research area. We discuss the mechanism of some of these robots and focus on a robotic valve delivery module for beating heart transapical valve replacement in this section. Chinzei and colleagues presented a robotic system for assisting a physician who stands in the limited space between the two magnets of a double-donut MRI scanner (Chinzei et al., 2000) . The base of the robot is mounted above the physician's head in the open MRI magnet and two rigid arms reach down into the surgical field. The robotic device consists of five linear motion stages arranged to form a 2-DoF orienting mechanism, which is attached to a 3-DoF Cartesian positioning mechanism. The ends of the arms are linked to form a tool holder. Recently, Hata and colleagues developed a semi-active needle-guiding manipulator for microwave thermotherapy of liver tumors in a double-donut open MRI (Hata et al., 2008) . The manipulator is installed on the side of the patient table at the gap between the magnets. It consists of a 3-DoF Cartesian stage and an encoded passive remote center of motion configuration. The synergistic control keeps the virtual remote center of motion at the pre-planned target using encoder outputs from the needle holder as input to the motorized base stage. Koseki and colleagues developed a robotic system for endoscope manipulation working inside a vertical-magnetic-field open configuration MRI scanner (Koseki et al., 2002) . This 4-DoF robot takes advantage of the available horizontal space between the vertical poles of such scanners. They adopted a 5-bar linkage mechanism for 2-DoF translational motions. The planar parallel mechanism reduces the size and enables the actuators to be distant from imaging areas. Tajima and colleagues (Tajima et al., 2004 ) introduced a master-slave MR robotic system for intraoperative diagnosis and minimally invasive surgery inside an open vertical MRI scanner. Each of the slave manipulators has three translational DoF that are located on its base and three rotational DoF on its arm component. The ultrasonic actuators and sensors were located a meter away from the imaging areas. A mechanism consisting of a pair of differential gears and wires was implemented to transmit movement to the tool tip. Masamune et al. first designed a MRI-compatible manipulator for stereotactic needle therapy (Masamenu et al., 1995) in a conventional closed MRI. The device was designed to be mounted on the MRI table and above the head of the subject. It has a stereotactic frame with 6-DoF. The isocentric structure avoids collision with the patient. There are several reports on MRI compatible manipulators and/or robots for prostate biopsy and brachytherapy. These compact devices are mounted on the MRI table and below the torso. Krieger and colleagues developed a 3-DoF manipulator for MRI guided transrectal prostate (Krieger et al., 2005) . The manipulator is equipped with active fiducial tracking to encode the position of the needle path and is remotely manually actuated by the physician from outside of the MRI scanner. The device is comprised of a rectal sheath, which is placed adjacent to the prostate in the rectum of the patient and a needle guide, containing a curved needle channel. Stoianovici and colleagues developed a 5-DoF MrBot actuated by a new type of pneumatic stepper motor for brachytherapy seed placement (Stoianovici et al., 2007a) . The MrBot robot is constructed in the form of a platform supported by articulated linear actuators in a 5-DoF parallel link structure. The patient is in the decubitus position and seeds are placed in the prostate transperineally. Fischer and colleagues described a 6-DoF robot assistant system for transperineal prostate needle placement (Fischer et al., 2008b) . The mechanism consists of two decoupled planar motions. Motion in the vertical plane is achieved using a modified version of a scissor lift mechanism that is traditionally used for parallel plane motion, whereas motion in the horizontal plane is accomplished by coupling two straight line motion mechanisms generally referred to as Scott-Russell mechanisms. For accessing the organs located in the middle of the torso inside a closed MRI scanner, long flat arm like structure are usually used. Kaiser and colleagues presented ROBITOM, the first MR-compatible robotic system dedicated to MR-guided breast biopsies (Kaiser et al., 2000) . The entire assembly is a box-like structure that is anchored on top of the standard MRI scanner table. The patient lies prone on the elevated table with the breasts placed through two openings. Larson and colleagues developed a similar breast-dedicated MR-compatible robotic system (Larson et al., 2004) with multiple degrees of freedom and remote control. Their device is remotely actuated with ultrasonic motors and a motion transmission system consisting of shafts and universal joints. Innomotion (Innomedic GmbH, Herxheim, Germany) is a commercially available MR-compatible interventional robotic system, original developed for precise needle insertion for MR-guided therapy of spinal diseases. An arch is mounted to the MRI patient bed with specially made rails. An arm sitting on the arch takes advantage of the clearance between the patient and the bore. The robot has 5-DoF with a remote center of motion structure to place and orient an interventional tool.
Robotic module for transapical aortic valve replacement
Our group has developed a robotic system for transapical aortic valve replacement under real-time MRI guidance (Li et al., 2008) . The robotic component consists of a 5-DoF robotic arm and a 3-DoF valve delivery module. The 5-DoF Innomotion robotic arm is employed as the 3-DoF valve delivery module holder. The compact valve delivery module is designed for manipulating and placing the prosthesis into a beating heart, while in the MRI scanner. The valve delivery module consists of a sterilizable valve delivery unit and an active mechanism that provides the essential manipulation of the delivery device for valve placement. The valve delivery unit includes a delivery device, a trocar, and a trocar adaptor. The delivery device consists of a straight plastic rod, outside of which is a sheath protecting the prosthetic valve before it is deployed. The robotic active mechanism comprises one rotational joint (B) and two linear joints: the translation joint (A) and the insertion joint (C) (fig 2) . The operations of linear and rotational joints are independent. The translation joint provides linear displacement of the delivery device along its axis. This joint is directly actuated by two parallel linear pneumatic actuators. The two-actuator structure guarantees balanced motion of a delivery device. The bodies of two linear actuators, together with a base plate, a top plate and two inner rails, form a rigid sliding frame. The sliding frame can slide on two frame rails. These two frame rails, along with a connecting plate (for mounting on a positioning arm) and a top plate form a rigid base frame. The position of the motion is sensed by a linear optical encoder that is attached to a frame rail of the rigid frame. This travel range of this joint is 90mm. The rotational joint rotates the delivery device around its axis. This changes the orientation of the prosthesis relative to coronary ostia before it is deployed. It is actuated by a linear pneumatic actuator attached on the base plate of the sliding frame. The linear movement is transmitted to the rotational movement by a rack-gear transmission. The rotation angle is sensed by a linear optical encoder. A sliding base rack actuated by the pneumatic actuator transmits linear movement to the gears of the rotation axis. The travel range of this joint is ±60 degree.
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The other linear joint is an insertion joint. This linear movement advances the prosthetic valve out of the delivery device. One central sliding stage with a semicircular groove actuated by a linear actuator can slide on the inner rails of the rigid sliding frame. The whole travel length of the insertion is 45mm, which guarantees the prosthesis be driven out from the sheath. This linear movement is also encoded with an optical linear encoder. The prototype of the valve delivery module is shown in Figure 2 . All parts of the prototype delivery module are made from non-conductive plastic materials. Pneumatic actuators and optical sensors are used for operating and positioning each joint. The robotic module allows precise and repeatable positioning of a bioprosthetic valve in the correct location. The maximum measured force load of the translation stage, under 75 psi operation air pressure, was 34N; and the maximum torque of the rotation stage was 0.4Nm. With operational velocity of 10mm/sec, the accuracy of translation stage was found to be 0.19±0.14mm. With operational velocity of 5deg/sec, the accuracy of the rotation stage was found to be 0.46±0.27deg. With a load of 10N (a reasonable force if we consider the friction and reaction force from a real case), the module moved smoothly and stably and the accuracy was in the same range. The presence and motion of the robotic module inside the scanner was found to have no noticeable disturbance to the image. The observed signal-noise-ratio (SNR) loss was 6.1% to 6.5% for the valve delivery module placed in the bore and in motion respectively.
Control Strategies
Improving precision and accuracy, while maintaining compatibility and safety with MRI are the prime concerns for most MRI compatible robotic systems. Point-to-point position motion is the basic control mode for these robots. However, a shared control between a user and a MRI compatible robot makes it a more intuitive instrument especially during the setup phases of interventions. We describe the needs and method to implement the hands-on coorperative control mode on a MR compatible robot in this section. Planning a minimally invasive intervention on living tissue is not a trivial task. The organs move around and thus the pre-planned motion based on pre-operative images alone is not sufficient.
Fig. 3. Hands-on cooperative control
Most of the contemporary systems make use of intra-operative images and a graphical user interface to update the planned motions. It may be not necessary and sometimes impractical www.intechopen.com
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to have an image guided interface for the robot during procedure setup. In the robotic assisted intervention of beating heart transapical valve replacement (Li et al., 2008) , before the prosthetic valve delivery process can be started, the surgeon must perform preparatory procedures of placing the trocar into the apex of the heart. Thereafter, the surgeon loads the delivery device with the prosthetic valve and inserts the delivery device into the trocar. Using imaging to guide the placement at this stage was unnecessary and impractical because of the large motion and variability in the localization of the trocar. Typically, the trocar port is about 10-15cm from imaging center, thus requiring a very large image acquisition volume. Breathing motion of up to 20mm also causes localization and registration errors. Moreover, adjustments may also be required to the entry point after a preliminary scan of the delivery device is acquired. 
Low level control
One important difference between hands-on control mode and other modes is that the later prefers zero or low steady state errors. Hands-on mode has a user in the control loop who can tolerate a fair amount of steady-state error by adjusting his/her input to achieve the desired result. This mode demands a fast and smooth response without oscillations during the transient as well as steady state. Low level PIV gains should satisfy this requirement. It is straight forward to obtain such a response on traditional motor driven robots. However, for a pneumatic robot a compromise between smoothness, speed and error has to be made. To achieve this behavior, we applied a sine wave as user input (velocity) with varying amplitudes. Iteratively, we adjusted the PIV gains and the maximum amplitude of user input that would produce reasonable error, till we saw no further improvement. In figure 4 , the fast oscillatory response for point-to-point gains is shown along with a smoother, reasonably fast response for hands-on mode. Figure 5 (a) shows a typical profile for a user input with amplitude of 3.5mm/sec and the actual Cartesian velocity measured using robot encoders. The error is defined as the difference between the user input and the actual Cartesian velocity at that instant. The average error is computed by averaging the error over the number of samples collected during two cycles of user input. Figure 5 (b) shows this value for different amplitudes of user input. Our current system can tolerate a maximum user input speed of 3.6mm/sec and 3.6deg/sec, if the required error is to be kept below 0.5mm/sec and 0.5deg/sec.
High level admittance control
Depending on how the inertias and friction forces compare with the forces applied by the environment to the robot, it is possible to classify robotic devices into two categories: impedance-type and admittance-type. More importantly, it is the control scheme that distinguishes the two types. The impedance-type robots act as a force/torque source, where the controller outputs a force based on desired input positions (and their derivatives). In admittance-type robots, the controller outputs a desired position (and its derivatives) based on user inputs such as force measurement or joystick motion. Innomotion robot is practically "non-back-drivable", i.e., it requires significant effort to overcome internal friction to maneuver it. Thus, it is more suited for an admittance control scheme such as those explored with the Johns Hopkins University Steady-Hand Robot (Taylor et al., 1999) . In their work, force sensors could be used to obtain user input. However, MRI compatibility poses certain challenges in obtaining a 6-DoF user input. The outline of our hands-on controller is as follows: 1) Switch the low-level PIV gains to ones optimized for hands-on mode.
2) Obtain incremental motion desired by the user, that is 7) Repeat steps 2-6 while in hands-on mode. On exit, switch PIV gains to point-to-point mode values. Numerical integration and rate control laws such as these are known to be "nonconservative" and may result in positional errors. However, this is not a concern here, since a human-in-the-loop can easily account for any positional error by applying required additional input to reach the desired goal. The desirable behavior here is that the robot continues to follow the user input as best as it can, even in the advent of certain limits, such as joint or velocity extremity.
Experiments and Results
We tested the system functionality, as well as, the qualitative ease of use of the sensor. We also evaluated the hands-on sensor interface with respect to current and alternate interfaces. We used a quintessential peg-in-the-hole task to emulate the clinical scenario that inserts a dexterous tool into a trocar inside a thoracic cavity. Our peg was a cylinder 12.5mm in diameter and 140mm long, which mimicked the dimension of the delivery device. To design our experiments to be in line with Fitt's law (Zhai, 1995) , we used two different hole dimensions (13.5mm and 16.5mm) for fine and coarse positioning accuracy, respectively. Further, the larger hole had a larger bevel at the entry point. The hole was placed at a known position with respect to the robot and the starting configuration of the robot was chosen at random for each trial. The starting position was chosen using an uniform random distribution from a spherical annular region of radii 15 3 to 20 3 mm, and the orientations were picked in the interval of ±15 -±20deg. These are clinically relevant distances, because the robot can be easily and quickly positioned to within these regions using available passive adjustments.
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For comparision, we developed a simplified GUI that resembles the commands acceptable to the AESOP, that is, the surgeon could annunciate one of "move"-"left", "right", "up", "down","front","back", or "rotate"-"left", "right", "front" and "back" to move the 5-DoF robot in the appropiate direction. The person at console would have to press the corresponding button. The buttons to increase/decrease speed would change the current set speed by 0.5mm/sec. In our experimental setup, the person at console could not directly visualize the robot to replicate the clinical setting. The person at console was picked at random from the pool of users to avoid bias. Each user was asked to perform the task as quickly as possible, on the "start" cue of the person on console and indicate verbally when they completed the task by announcing "done". Comparisons of task times recorded using a stop watch have been shown in figure  6 . As seen, hands-on approach is efficient for both the levels of accuracy. This can be attributed to the ability to perform complex continuous motions involving multiple translational and rotational degrees of freedom at one time. Further, using the GUI interface, the user announcing the commands has to contemplate his/her next moves. As expected, there is an increase in time required with an increase in the difficulty of the task. Though, this difference is not significant when compared with the difference between the two approaches.
Conclusion
MRI provides excellent visualization of soft tissue, its sub-structure and surrounding tissues. The unique features of MRI, such as oblique image planes, multi-slice imaging, realtime visualization, and freedom from radiation exposure risk, enable MRI to be a critical tool in the guidance of many interventional procedures. Additionally, a mechatronic system can provide more accurate and smooth access to targeting organs in a confined space. The marriage of a MRI and a robot makes the benefit of minimally invasive interventions substantial.
The high magnetic field and the confined space of MR bore presented many technical challenges. The design of robotic system is dependent of MRI scanner configuration type, medical intervention and target areas. The mechatronic components including actuators, sensors and controllers must be able to work in accurate, stable and robust way in MR environment. Materials used for robotic system should have low magnetic susceptibilities (comparable with air, water or human tissue), low electrical conductibility, adequate mechanical strength and good manufacturing properties. Certain conductive materials can be used, but only for small parts and without loops. If it is necessary, electrical components may be brought into MR environment if their electrical signals are of low frequency and are shielded. Control strategy and human machine interface for MRI compatible robotic systems for medical interventions need to be studied. A shared control between a user and an MRI compatible robot makes it a more intuitive instrument especially during setup phases of interventions. An image-guided interface would be ideal to plan and manipulate the robotic holder or adjust the interventional tool when the robot is inside the magnet bore. In the engineering of robots for medical applications, detailed analyses of the functions of the entire system, that is, robot, interfaces and application, taken as single entity, are arguably more important than the individual performance of the subsystems (robot, surgeon, interfaces and application, separately). Thus, having a combination of more than one interface such as an image-guided, console guided or hands-on based on application might yield a higher performance from the entire system.
